Introduction
============

Malaria is caused by a parasite, which is transmitted to the human body through the bites of mosquitoes. There were 104 countries and territories around the world affected by malaria in 2013, with data showing that 207 million (uncertainty interval: 135--287 million) people were infected with malaria and the deaths from malaria were 627,000 (uncertainty interval: 473,000--789,000) in 2012.[@b1-ijn-10-4239] Malaria is still a serious public health problem in the world, particularly in tropical and subtropical regions.

Combining ancient Chinese medical books and modern pharmacology research methods, artemisinin (Qinghaosu), a sesquiterpene lactone compound containing an endoperoxide bridge in its chemical structure, was discovered by Chinese scientists in the early 1970s. The antimalarial action of artemisinin was quick and without cross-resistance, and it could eliminate almost all asexual and sexual stages of *Plasmodium* spp..[@b2-ijn-10-4239],[@b3-ijn-10-4239] To meet clinical antimalaria needs, a series of artemisinin derivatives were synthesized, including artesunate, artemether, and dihydroartemisinin. However, with the extensive application of artemisinin-type drugs, the problems of drug resistance become serious. A combination of artemisinin-type drugs and other antimalarial drugs is an effective method for controlling drug resistance. Febrifugine, like artemisinin, is a natural product. It was isolated as an antimalarial component from the Chinese herb Chang Shan (*Dichroa febrifuga* Lour).[@b4-ijn-10-4239] Its antimalarial activity is approximately 50 times higher than that of quinine.[@b5-ijn-10-4239] With the help of outstanding antimalarial activity,[@b6-ijn-10-4239],[@b7-ijn-10-4239] a combination of artemisinin-type drugs and febrifugine could combat drug resistance to *Plasmodium* spp., allow a decreased dosage (especially febrifugine), and reduce drug side effects.

At present, the dosage forms of artemisinin-type drugs mainly include tablet, capsule, suppository, and injection. Due to the properties of artemisinin-type drugs, some preparations have a short half-life and suffer from high first-pass hepatic metabolism.[@b8-ijn-10-4239] Therefore, a multiple-dose administration is needed to enhance the antimalarial efficiency. In addition, the above problems are unfavorable factors for artemisinin-type drugs in controlling resurgence. In order to improve the status, developing a new controlled-release formulation has become an emergent, significant task. As a controlled-release drug-delivery system, transdermal drug-delivery systems (TDDS) could deliver drugs through intact skin. In comparison to conventional dosage forms, TDDS have many advantages in slowly releasing drug, lasting drug effect, reducing first-pass drug-degradation effects, minimizing gastrointestinal side effects, and enhancing patient compliance.[@b9-ijn-10-4239],[@b10-ijn-10-4239] In this paper, artesunate (a derivative of artemisinin) and febrifugine ([Figure 1](#f1-ijn-10-4239){ref-type="fig"}) were used as the model drugs to prepare a compound antimalarial transdermal delivery system.

Cataplasm is a new type of preparation for external use and mainly consists of adhesive polymer, backing, and an antiadhesion layer. The adhesive polymer mainly contains some water-soluble polymer, polyhydric alcohols, and water, and the compositions of adhesive polymer are very important for drug release.[@b11-ijn-10-4239],[@b12-ijn-10-4239] The common backing is non-woven fabrics or elastic cloth. Polyethylene film or release paper is usually used as the antiadhesion layer in cataplasm. Cataplasm has many advantages in TDDS, such as good compatibility with skin, minimal skin irritation, high drug loading, good air permeability, and no organic solvents.[@b12-ijn-10-4239]--[@b14-ijn-10-4239] Therefore, cataplasm was chosen to prepare the compound antimalarial TDDS in this study. However, overcoming the barrier of skin for enhancing transdermal permeation of drugs is still a problem. Nanocarriers have received much attention in overcoming the barrier of stratum corneum.[@b15-ijn-10-4239],[@b16-ijn-10-4239] Ethosomes are one of the vesicular systems containing ethanol in relatively high concentrations.[@b17-ijn-10-4239] Compared with the classic liposomes, ethosomes are small, soft, and flexible. These characteristics could make drug-loaded ethosomes penetrate deep into the skin[@b16-ijn-10-4239] and enhance transdermal absorption of drugs.

In this study, a novel antimalarial transdermal nanosystem--ethosomal cataplasm based on the dispersion of drug-loaded ethosomes into the matrix of cataplasm was prepared. The characteristics of the ethosomes as carriers for transdermal delivery, including morphology, size, zeta potential, poly-dispersity index (PDI), and entrapment efficiency (EE), were investigated. The characteristics of drug release, transdermal delivery, and the antimalarial effects of the ethosomal cataplasm were evaluated. Furthermore, the penetration-enhancing mechanisms of the ethosomal cataplasm were systematically explored from multiple perspectives, including microstructure, ultrastructure, and birefringent structure of skin.

Materials and methods
=====================

Materials
---------

Artesunate was purchased from Chongqing Holley Pharmaceutical Co., Ltd (Chongqing, People's Republic of China). Febrifugine was isolated from *D. febrifuga* Lour. Lipoid S100 soybean lecithin and Lipoid E 80 egg yolk lecithin were purchased from Lipoid GmbH (Ludwigshafen, Germany). Spc50 soybean lecithin was purchased from Shanghai Taiwei Pharmaceutical Co., Ltd (Shanghai, People's Republic of China). Cholesterol was purchased from Nanjing Xinbai Pharmaceutical Co., Ltd. (Nanjing, People's Republic of China). Vitamin E oil was purchased from PKU International Healthcare Group Southwest Pharmaceutical Co., Ltd. (Chongqing, People's Republic of China). Tween 80 was purchased from Sichuan Jinshan Pharmaceutical Co., Ltd. (Chengdu, People's Republic of China). Chromophore RH40 was purchased from BASF (Ludwigshafen, Germany). Tween 60, Tween 20, Span 20, Span 60, and Span 80 were purchased from Sinopharm Chemical Reagent Co.,Ltd. (Shanghai, People's Republic of China). Sodium polyacrylate (NP-700) was purchased from Showa Denko (Toyko, Japan). Polyvinylpyrrolidone (K30) was purchased from Boai NKY Pharmaceuticals Co., Ltd. (Jiaozuo, People's Republic of China). Gelatin was purchased from Qinghai Gelatin Co, Ltd. (Xining, People's Republic of China). Carbomer was purchased from Lubrizol Co. (Cleveland, USA). Glycerin was purchased from Jinzhong Pharmaceutical Co., Ltd. (Baoding, People's Republic of China).

Specific-pathogen-free male Kunming mice weighing 20±2 g were used in the study of ex vivo transdermal permeation and antimalarial effects and in the investigation of the mechanisms of penetration enhancement. The animals were used following the national laboratory animal act "Laboratory Animal Administration Rules" on the use and care of laboratory animals.

Preparation of ethosomes
------------------------

### Artesunate-loaded ethosomes

Artesunate-loaded ethosomes were prepared by injection method. The optimum formulation of artesunate-loaded ethosomes was selected by the single-factor experiment and an orthogonal experiment. The optimum formulation was composed of 13.6% (w/w) S100, 5.2% (w/w) Tween 80, 4.8% (w/w) artesunate, 0.34% (w/w) cholesterol, 0.25% (w/w) vitamin E, 33.7% (w/w) ethanol, and 42.11% (w/w) water. The preparation process of artesunate-loaded ethosomes was as follows:[@b16-ijn-10-4239] 1) artesunate and cholesterol were dissolved in ethanol at 30°C and stirred with a magnetic stirrer at 500 rpm in a sealed glass bottle. 2) Vitamin E and surfactant were also dissolved in ethanol solution. 3) Phospholipid was dissolved in ethanol solution. 4) Water was added slowly (3 mL/min) into the ethanol solution with stirring at 1,500 rpm for 5 minutes at 35°C, then the primary drug-loaded ethosomes were obtained. 5) After cooling to room temperature, ethosomes were filtered through a 0.22 μm disposable filter.

### Febrifugine-loaded ethosomes

Febrifugine-loaded ethosomes were also prepared by injection method. The febrifugine-loaded ethosomal system was composed of about 6.9% (w/w) phospholipid, 3.5% (w/w) surfactant, 0.2% (w/w) febrifugine, 0.2% (w/w) cholesterol, 0.3% (w/w) vitamin E, 39.5% (w/w) ethanol, and 49.4% (w/w) purified water. The preparation process of febrifugine-loaded ethosomes was the same as that of artesunate-loaded ethosomes.

Preparation of compound antimalarial ethosomal cataplasm
--------------------------------------------------------

### Blank cataplasm

The preparation process of blank cataplasm was as follows: 1) 4.3% (w/w) Carbopol and 8% (w/w) polyvinylpyrrolidone (K30) were dispersed in a mixture of appropriate glycerin and water, then the mixture was kept at room temperature for approximately 60 minutes. 2) Next, 8.6% (w/w) gelatin, 4.6% (w/w) sodium carboxymethyl cellulose, and appropriate polyvinyl alcohol were dissolved in water with stirring at 50--100 rpm for approximately 60 minutes. 3) Then, 7.1% (w/w) sodium polyacrylate (NP-700) was dispersed in appropriate glycerin. 4) Appropriate ethylparaben, glucalox, and citric acid were dissolved in water. 5) All of the above materials were mixed in sequence with stirring at 50°C for approximately 60 minutes.

### Compound antimalarial ethosomal cataplasm

Appropriate artesunate-loaded ethosomes and febrifugine-loaded ethosomes were dispersed in blank cataplasm and stirred at 100 rpm for approximately 60 minutes at 30°C. Then, this mixture was cast into molds containing backing membrane (nonwoven cotton fabric) and covered with an antisticking layer (polyethylene film). After the above process, the antimalarial ethosomal cataplasm patches were obtained.

### Compound antimalarial conventional cataplasm

Equal amounts of artesunate, febrifugine, and excipients of ethosomes were dispersed in blank cataplasm and stirred at 100 rpm for approximately 60 minutes at 30°C. This mixture was cast into molds containing backing membrane, and then covered with a polyethylene film.

High-performance liquid chromatography analysis of drugs
--------------------------------------------------------

The quantitative determination of artesunate and febrifugine was performed by Waters high-performance liquid chromatography (HPLC) (including a 2,487 detector, 1,515 pump, 717 autosampler, and Empower 2 workstation).

### HPLC analysis of artesunate

HPLC conditions were as follows. Column: Diamonsil C18(2) column (250×4.6 mm, 5 μm) from Dikma Technologies Inc. (Beijing, People's Republic of China); column temperature: 30°C; mobile phase: acetonitrile and phosphate buffer solution pH 3.0 (40:60, v/v) were used as the mobile phase; flow rate: 1.0 mL·min^−1^; detection wavelength: 210 nm. Every sample was filtered through a 0.22 μm membrane filter before injection into the HPLC system. Under those conditions, the retention time of artesunate was approximately 36.5 minutes. The assay was linear (*r*^2^=0.9999) in the concentration range 2.05--205 μg·mL^−1^. This method was validated for linearity, precision, repeatability, stability, and accuracy, and the relative standard deviation was less than 2.0% in all cases. The methods of HPLC analysis were according to the *Pharmacopoeia of the People's Republic of China 2010* and a previous study.[@b18-ijn-10-4239],[@b19-ijn-10-4239]

### HPLC analysis of febrifugine

HPLC conditions were as follows. Column: Diamonsil C18(2) column (250×4.6 mm, 5 μm) from Dikma Technologies Inc. (Beijing, People's Republic of China); column temperature: 30°C; mobile phase: acetonitrile and phosphate buffer solution pH 3.0 (9:91, v/v) were used as the mobile phase; flow rate: 1.0 mL·min^−1^; detection wavelength: 225 nm. Every sample was filtered through a 0.22 μm membrane filter before injection into the HPLC system. Under those conditions, the retention time of febrifugine was about 15.8 minutes. The assay was linear (*r*^2^=0.9999) in the concentration range 0.061--15.6 μg·mL^−1^. This method was validated for linearity, precision, repeatability, stability, and accuracy, and the relative standard deviation was less than 3.5% in all cases. The methods of HPLC analysis were according to a previous study.[@b20-ijn-10-4239]

Characterization of drug-loaded ethosomes
-----------------------------------------

### Particle size and zeta potential

The mean diameter and zeta potential values of ethosomes were measured by dynamic light scattering (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK) using a helium--neon laser of 633 nm at 25°C. For each sample, the size and zeta potential were measured in triplicate and the average values were used for further analysis.

### Transmission electron microscopy

A drop of drug-loaded ethosomes was adsorbed on a 400-mesh copper grid and the dispersion in excess was removed using the corner of a piece of filter paper.[@b21-ijn-10-4239] The sample was air-dried at room temperature. Then, the morphology of ethosomes was observed and photographed using a JEM 2200FS transmission electron microscope (200 kV) (JEOL,Tokyo, Japan).

### Entrapment efficiency

The EE of drug-loaded ethosomes was determined by the quantity of free drug using dialysis technique.[@b22-ijn-10-4239],[@b23-ijn-10-4239] An appropriate quantity of drug-loaded ethosomes was placed into a 4 cm-long dialysis bag (molecular weight cut-off 7,000--15,000 Da, diameter: 25 mm), and the further experiment was performed with an SR8-Plus dissolution tester (Hanson Research Corporation, Chatsworth, USA). The bag was immersed in 1,000 mL 30% ethanol solution and stirred at 75 rpm at 32°C. At the end of the dialysis, the quantity of free drug in the receiving medium was detected by HPLC. The total quantity of drug in ethosomes was determined as follows: 1) an appropriate quantity of drug-loaded ethosomes was dissolved by methanol. 2) The drug solution was allowed to filter through 0.22 μm membrane filters. 3) The solution was analyzed by HPLC.[@b24-ijn-10-4239] Each experiment was repeated three times and the average value was used for further analysis. The EE could be calculated by the following equation:[@b24-ijn-10-4239] $$\text{EE}(\%) = \frac{W_{\text{total~drug}} - W_{\text{free~drug}}}{W_{\text{total~drug}}} \times 100\%,$$where "total drug" was the weight of total drug in ethosomes and "free drug" was the mass of free drug analyzed in the receiving medium.

### Stability study on drug-loaded ethosomes

The drug-loaded ethosomes were firmly sealed in glass vials and stored at a refrigerated temperature (4°C) for 3 months for stability evaluation. Ethosomes were withdrawn at various time points, and then the particle size and PDI were monitored as the section "*Particle size and zeta potential*".

Evaluations of the compound antimalarial ethosomal cataplasm
------------------------------------------------------------

### Ex vivo release and transdermal penetration studies

The release study was performed with a vertical Franz-type diffusion cell. The volume of the receptor cell was 18.0 mL, and the effective diffusion area was 2.92 cm^2^. The antimalarial cataplasm was tightly fixed on a vertical Franz-type diffusion cell, and then the receptor chamber was filled with 30% ethanol at 32.5°C±0.5°C and stirred at 350 rpm. At predetermined time points, 18.0 mL receiving medium was withdrawn and replaced with the same volume of fresh release medium. Sample was filtered through 0.22 μm membrane filters and analyzed by HPLC. Experiments were performed in sextuplicate and the average values were used for further analysis. The cumulative released quantity (*Q*) (μg/cm^2^) of artesunate and febrifugine was defined using [Equation 2](#fd2-ijn-10-4239){ref-type="disp-formula"}:[@b25-ijn-10-4239] $$Q = \frac{\sum_{i = 1}^{n}{C_{i} \times V_{i}}}{A},$$where *C~i~* was the drug concentration at each time point; *V~i~* was the sampling volume at each point; and *A* was the effective diffusion area.

The study of transdermal penetration was also investigated using a vertical Franz-type diffusion cell.[@b26-ijn-10-4239] Abdominal hairless skins, which were obtained from male Kunming mice weighing 20--25 g, were used in the study. Before the experiment, cataplasm was stuck closely on the stratum corneum side and tightly fixed on the vertical Franz-type diffusion cell. Other experimental conditions were the same as that for the release study.

### Antimalarial experiments

Specific-pathogen-free male 7-week-old mice weighing 20±2 g were used. On arrival, the mice were acclimated for 1 day. Mice were randomly grouped into the treatment groups, a blank group, and a control group, and the animals were housed in the rearing cage with a temperature range of 20°C--23°C, 40%--70% relative humidity, and a 12-hour light/dark cycle. The mice were fed with the standard rodent maintenance diet (Keaoxieli Feed Co., Ltd., Beijing, People's Republic of China) and purified drinking water during the experiment. Hairs on 2×3 cm^2^ areas of back skin of the mice were removed by sodium sulfide before the experiment. The animal studies were performed in accordance with the National Standards of the People's Republic of China, GB 14925-2001. ANKA strain of *Plasmodium berghei* came from the Academy of Military Medical Sciences (Beijing, People's Republic of China).

Animals were intraperitoneally injected with 10 million red blood cells (0.2 mL) infected by *P.* berghei. After that, the mice were treated daily with different formulations by transdermal administration for 4 days (Animal grouping and administration are as shown in [Table 1](#t1-ijn-10-4239){ref-type="table"}). Then, tail blood was used to make thin blood smears and *P. berghei* was inspected with Wright--Giemsa staining under an optical microscope (Olympus-BX51; Olympus Corporation, Tokyo, Japan). If the *Plasmodium* spp. could not be inspected in ten microscopic fields, the result would be considered negative. One month after the last transdermal therapeutic, another microscopy was needed to observe the recurrence situation. The negative conversion rate (NCR) and recurrence rate (RR) were calculated according to the following equations: $$\text{NCR}\ (\%) = \frac{\text{The~number~of~negative~conversion~animals}}{\text{The~number~of~infected~animals}} \times 100$$ $$\text{RR}\ (\%) = \frac{\text{The~number~of~recurrence~animals}}{\text{The~number~of~negative~conversion~animals}} \times 100$$

Investigation of the mechanisms of penetration enhancement
----------------------------------------------------------

The ethosomal cataplasm and conventional cataplasm were applied to the hair-removed mouse skins. After 6 hours, the mice were sacrificed by cervical dislocation and skins were removed. One skin sample from each mouse was cut in half. One half of the skin sample was observed by polarization microscope (Abrio Imaging System; Cambridge Research & Instrumentation, Inc., Hopkinton, USA) and an ordinary optics microscope (Olympus BX51) in sequence and the other half was observed by transmission electron microscopy (TEM), (Hitachi S-3400N; Hitachi Ltd., Tokyo, Japan).

### Histopathological examination by polarization microscope

The polarized light microscope could directly display the birefringent structures in unstained skin samples, such as collagenous fiber structure. The changes in skin structure could be observed even more clearly with the technology of selective imaging.

Skin samples were fixed in 10% formaldehyde solution for 24 hours at 4°C, and then these samples were subsequently dehydrated, embedded in paraffin, sliced (6 μm-thick sections), and dewaxed. The unstained tissue biopsies were observed by Abrio polarization microscope.[@b27-ijn-10-4239],[@b28-ijn-10-4239]

### Histopathological examination by ordinary optics microscope

The unstained tissue biopsies used in the above micro- examination were subjected to hematoxylin and eosin staining.[@b29-ijn-10-4239] The microscope pictures were taken with the Olympus BX51 microscope.

### Histopathological examination by TEM

Skin samples were fixed in 4% glutaraldehyde solution and 1% osmic acid, and then these samples were subsequently dehydrated, dried in a vacuum desiccator, and sputter-coated with a gold layer. The transections of skin samples were observed and the changes of ultrastructure of the skins were analyzed by TEM.

Statistical analysis
--------------------

The results were expressed as mean ± standard deviation. The statistical analysis was performed by Student's *t*-test and one-way analysis of variance. A value of *P*\<0.05 was considered statistically significant.

Results and discussion
======================

Preparation of artesunate-loaded ethosomes
------------------------------------------

According to the preexperiment, a primary formulation of artesunate-loaded ethosomes was obtained. The primary formulation of artesunate-loaded ethosomes was composed of about 10.8% (w/w) phospholipid, 3.6% (w/w) surfactant, 3.6% (w/w) artesunate, 0.9% (w/w) cholesterol, 0.25% (w/w) vitamin E, 33.7% (w/w) ethanol, and appropriate purified water. Based on the primary formulation, an optimum formulation of artesunate-loaded ethosomes was selected by a series of single-factor experiments and an orthogonal experiment.

### The effects of phospholipid and surfactant on artesunate-loaded ethosomes

The effects of different phospholipid on the particle size, PDI, and appearance of ethosomes were evaluated. Based on the primary formulation, the changed factor was the type of phospholipid, and then artesunate-loaded ethosomes were prepared by the abovementioned method "the section *Preparation of ethosomes*". The parameters of ethosomes were measured by dynamic light scattering (Zetasizer Nano ZS). Results are shown in [Table 2](#t2-ijn-10-4239){ref-type="table"}. Ethosomes, which were prepared with soybean lecithin (S100 or SPC50), had a smaller particle size. The PDI increased rapidly when the content of phosphatidyl choline (PC) ranged from 50.3% to 96.5%. In addition, the higher the PC content, the better the stability of ethosomes. So the type of phospholipid and PC content were the important factors to affect the characteristics of lipid vesicles.[@b30-ijn-10-4239] Based on the results, S100 was selected for the further study.

Surfactant also plays an important role in the characterization of lipid vesicles.[@b31-ijn-10-4239] The research results are shown in [Table 3](#t3-ijn-10-4239){ref-type="table"}. Nonionic surfactant Tweens are made from sorbitan fatty acid esters (Span) and ethylene oxide. Compared with Spans, Tweens possess higher water solubility. The change of surfactant may be one reason why artesunate-loaded ethosomes prepared with Tweens had better stability ([Table 3](#t3-ijn-10-4239){ref-type="table"}). Furthermore, ethosomes prepared with Tweens had a smaller particle size. Based on the results, Tween 80 was selected for the further study.

### Effects of the quantity of S100, Tween 80, and cholesterol on ethosomes

The effects of S100, Tween 80, and cholesterol on the particle size and EE of ethosomes were investigated. Based on the primary formulation, the modifying factor was quantity of S100, and the artesunate-loaded ethosomes were prepared with the abovementioned method "the section *Preparation of ethosomes*". With an increase in the quantity of S100, the particle size and EE of ethosomes also increased. But, as the quantity of S100 continued to increase (more than 13.6% \[w/w\]), the particle size and EE would decrease ([Figure 2](#f2-ijn-10-4239){ref-type="fig"}).

The quantity of surfactant in artesunate-loaded ethosomes was another important factor that affected the particle size and EE.[@b31-ijn-10-4239],[@b32-ijn-10-4239] By introducing Tween 80 into the ethosomes, the particle size and EE of ethosomes decreased little by little ([Figure 3](#f3-ijn-10-4239){ref-type="fig"}). The Tween 80 in lipid vesicles could increase the fluidity of the membrane structure and soften the membrane structure. With an increase in fluidity, particle size and EE will naturally decrease.[@b31-ijn-10-4239]

The effect of cholesterol was just the opposite from that of Tween 80. The incorporation of cholesterol into the vesicle bilayer will decrease the fluidity of the membrane structure and make the membrane structure more rigid.[@b33-ijn-10-4239] The particle size and EE of ethosomes will increase during this process. The result ([Figure 4](#f4-ijn-10-4239){ref-type="fig"}) corresponded with the analysis.

### Formulation optimization using orthogonal and single-factor experiments

Based on the single-factor analysis, an orthogonal experiment in four factors and three levels was performed to optimize the formulation of ethosomes ([Tables 4](#t4-ijn-10-4239){ref-type="table"} and [5](#t5-ijn-10-4239){ref-type="table"}). The quantities of S100, cholesterol, and Tween 80 were used as the investigative factors, and the levels for each factor are shown in [Table 6](#t6-ijn-10-4239){ref-type="table"}. In the orthogonal experiment, the quantities of 3.6% (w/w) artesunate, 0.25% (w/w) vitamin E, and 33.7% (w/w) ethanol were fixed in all the formulations, and the technical parameters for preparation were fixed. The comprehensive indicator ([Table 5](#t5-ijn-10-4239){ref-type="table"}) of particle size and EE was used as the parameter for optimizing the formulation of ethosomes. The method of calculating the comprehensive indicator is shown in [Equation 5](#fd5-ijn-10-4239){ref-type="disp-formula"}: $$\text{Comprehensive~indicator} = \frac{EE}{EE_{Max}} \times 50\% + \frac{PS_{Min}}{PS} \times 50\%,$$where *EE* was the entrapment efficiency of ethosomes and PS was the particle size of ethosomes.

According to the results of the orthogonal experiment, the quantity of soybean phospholipid S100 was the most important factor influencing the comprehensive indicator, followed by Tween 80 and then cholesterol. The quantities of S100, Tween 80, and cholesterol in artesunate-loaded ethosomes were 13.6%, 5.2%, and 0.34% (w/w), respectively.

The drug loading of ethosomes was further optimized by another single-factor experiment. Based on the orthogonal experiment result, the modifying factor was the quantity of artesunate. The particle size and EE of ethosomes are shown in [Figure 5](#f5-ijn-10-4239){ref-type="fig"}. Results showed that the particle size was basically unchanged with an increase in the quantity of artesunate. The drug EE was at the highest level (72.12%±2.35%) when the quantity of artesunate was 4.8%.

In conclusion, the final optimum single-factor tion of arte-sunate-loaded ethosomes was established as 4.8% artesunate, 13.6% (w/w) S100, 0.34% (w/w) cholesterol, 5.2% (w/w) Tween 80, 33.7% (w/w) ethanol, 0.25% (w/w) vitamin E, and 42.11% (w/w) purified water.

Preparation of febrifugine-loaded ethosomes
-------------------------------------------

The excipients of febrifugine-loaded ethosomes and artesunate-loaded ethosomes were identical in category hut different in content. The composition of febrifugine-loaded ethosomes was as follows: about 6.9% (w/w) phospholipid, 3.5% (w/w) surfactant, 0.2% (w/w) febrifugine, 0.2% (w/w) cholesterol, 0.3% (w/w) vitamin E, 39.5% (w/w) ethanol, and 49.4% (w/w) purified water. The preparation process of febrifugine-loaded ethosomes was the same as that of artesunate-loaded ethosomes.

Characteristics of ethosomes
----------------------------

### Artesunate-loaded ethosomes

The particle size, zeta potential, PDI and EE of the optimum artesunate-loaded ethosomes were 26.48±0.12 nm, −28.0±1.6 mV, 0.1951±0.0045, and 71.81%±2.57%, respectively. The appearance and TEM images of the artesunate-loaded ethosomes are presented in [Figures 6A](#f6-ijn-10-4239){ref-type="fig"} and [7](#f7-ijn-10-4239){ref-type="fig"}. [Figure 7C](#f7-ijn-10-4239){ref-type="fig"} shows that nanoparticles contacted each other directly and the contact position of two nanoparticles occurred deformation. This could visually prove that ethosomes are flexible nanoparticles.

### Febrifugine-loaded ethosomes

The particle size, zeta potential, PDI and EE of febrifugine-loaded ethosomes were 28.58±0.24 nm, −28.8±1.68 mV, 0.1754±0.0010, and 36.23%±0.95%, respectively. The appearance and TEM images of the febrifugine-loaded ethosomes are presented in [Figures 6B](#f6-ijn-10-4239){ref-type="fig"} and [8](#f8-ijn-10-4239){ref-type="fig"}.

### Ethosome stability

The artesunate-loaded ethosomes and febrifugine-loaded ethosomes were stored at 4°C for 90 days. The samples were taken on days 0, 7, 15, 30, 60, and 90, respectively. The particle size and PDI of drug-loaded ethosomes were monitored. The results are shown in [Figure 9](#f9-ijn-10-4239){ref-type="fig"}. There were no obvious changes in particle size for the above ethosomes after 90 days at 4°C.

Evaluations of the compound antimalarial ethosomal cataplasm
------------------------------------------------------------

### Ex vivo release study

The drug release behaviors of ethosomal cataplasm and conventional cataplasm are shown in [Table 7](#t7-ijn-10-4239){ref-type="table"} and [Figure 10](#f10-ijn-10-4239){ref-type="fig"}. The release of artesunate and febrifugine from the investigated formulations followed the Higuchi equation.[@b34-ijn-10-4239] Compared with conventional cataplasm, ethosomal cataplasm showed a higher release rate. The drug release rates of ethosomal cataplasm were 0.2277 mg/cm^2^/h^1/2^ (artesunate) and 1.6563 μg/cm^2^/h^1/2^ (febrifugine). The drug release rates of conventional cataplasm were 0.2136 mg/cm^2^/h^1/2^ (artesunate) and 0.8846 μg/cm^2^/h^1/2^ (febrifugine) ([Table 7](#t7-ijn-10-4239){ref-type="table"}; [Figure 10](#f10-ijn-10-4239){ref-type="fig"}). With the help of ethosomes, the accumulative release quantity of artesunate at 8 hours after administration was 1.14 times as much as that of conventional cataplasm (*P*\<0.05), and the accumulated release quantity of febrifugine at 8 hours after administration of ethosomal cataplasm was 1.86 times as much as that of conventional cataplasm (*P*\<0.05). Ethosomal technology could accelerate drug release from cataplasm.

### Ex vivo transdermal penetration study

The drug permeabilities of ethosomal cataplasm and conventional cataplasm were investigated using vertical Franz-type diffusion cells. The results are shown in [Figure 11](#f11-ijn-10-4239){ref-type="fig"} and [Table 6](#t6-ijn-10-4239){ref-type="table"}.

Drugs in ethosomal cataplasm had a much better skin-penetrating capacity. With the help of ethosomal technology, the accumulated permeation quantity of artesunate at 8 hours after administration was 1.57 times as much as that of conventional cataplasm (*P*\<0.05), and the accumulated permeation quantity of febrifugine at 8 hours after administration was 1.07 times as much as that of conventional cataplasm (*P*\>0.05). The permeation of ethosomal cataplasm and conventional cataplasm basically followed zero-order release kinetics ([Table 6](#t6-ijn-10-4239){ref-type="table"}). The drug fluxes (*J*) were the linear portion of the quantity of accumulated penetration versus time plot ([Table 6](#t6-ijn-10-4239){ref-type="table"}; [Figure 11](#f11-ijn-10-4239){ref-type="fig"}).[@b16-ijn-10-4239],[@b35-ijn-10-4239] The results revealed that *J* of artesunate in ethosomal cataplasm (0.0249 mg/cm^2^/h) was 1.35 times as much as that of conventional cataplasm (0.0281 mg/cm^2^/h), and *J* of febrifugine in ethosomal cataplasm (0.0282 μg/cm^2^/h) was similar to that of conventional cataplasm (0.0281 μg/cm^2^/h).

By comparing the results of skin-penetration studies, an experimental phenomenon was discovered. As time went on, ratios between the quantity of artesunate accumulative penetration from ethosomal cataplasm and conventional cataplasm gradually decreased. The ratios were 1.68 at 4 hours, 1.57 at 8 hours, 1.50 at 12 hours, and 1.41 at 24 hours after administration. The analysis conclusions were as follows: with the artesunate-loaded ethosomes penetrating through the skin, the quantity of artesunate-loaded ethosomes cataplasm reduced and the transdermal permeation rate artesunate gradually decreased.

Soon after transdermal administration, ethosomal cataplasm could make a massive quantity of antimalarial drug quickly penetrate through skin, then the remaining drug could be steadily released. The characteristics of ethosomes were very good for killing *Plasmodium* spp. quickly and preventing the resurgence of *Plasmodium* spp.. Novel transdermal antimalarial agents could be developed by using the ethosomal technology.

Antimalarial experiments
------------------------

As detailed in the "Materials and methods" section, the model animals were treated with drug-loaded conventional cataplasm, drug-loaded ethosomal cataplasm, and blank ethosomal cataplasm, respectively. The dosages of administration and the results of the antimalarial experiments are shown in [Table 1](#t1-ijn-10-4239){ref-type="table"}. The optical microscope images of blood smears after administration are shown in ([Figure 12A--J](#f12-ijn-10-4239){ref-type="fig"}). The red blood cells, which suffered from *P. berghei* recurrence, are displayed ([Figure 12D](#f12-ijn-10-4239){ref-type="fig"}).

The results indicated that the drug-loaded ethosomal cataplasm had better antimalarial efficiency. The NCRs were 100% and the RRs were 0% at all dosages of ethosomal cataplasm. All the animals treated with conventional cataplasm showed *P. berghei* negative conversion, but some animals in the lower dosage group suffered from the recurrence of *P. berghei* ([Table 1](#t1-ijn-10-4239){ref-type="table"}; [Figure 12D](#f12-ijn-10-4239){ref-type="fig"}).

Investigation of the mechanisms of penetration enhancement
----------------------------------------------------------

The ordinary optic microscopic pictures of skin treated with drug-loaded ethosomal cataplasm, skin treated with drug-loaded conventional cataplasm, and untreated skin are shown in [Figure 13](#f13-ijn-10-4239){ref-type="fig"}. The stratum corneum of untreated skin was compact and ordered in the optic microscopic pictures ([Figure 13A](#f13-ijn-10-4239){ref-type="fig"} and D), but the stratum corneum of treated skin samples was disordered and corrugated ([Figure 13B, C, E, and F](#f13-ijn-10-4239){ref-type="fig"}). However, as the ordinary optic microphotographs show in [Figure 13](#f13-ijn-10-4239){ref-type="fig"}, comparing the deep structures of treated skin with the untreated, it was difficult to find significant differences between them.

The polarized light microscope could directly display the birefringent structure in unstained skin samples ([Figure 14](#f14-ijn-10-4239){ref-type="fig"}), such as collagenous fiber structure, and the changes in skin structure could be observed more clearly. After treatment with ethosomal cataplasm, the birefringent structure in the deep skin layer (corium layer) became even more disordered ([Figure 14B](#f14-ijn-10-4239){ref-type="fig"}). Furthermore, the orientation (independent polarization) pseudocolor microphotograph ([Figure 14D--F](#f14-ijn-10-4239){ref-type="fig"}) could provide more information about the structure of deep skin. Various colors represent different polarization orientations in [Figure 14](#f14-ijn-10-4239){ref-type="fig"}. The more disordered the birefringent structure was, the more varied the polarization orientation would be. So the complexity of the color system in the orientation microphotograph reflected the degree of disorder in the skin structure. In the study, the color system in skin treated with ethosomal cataplasm was the most complex ([Figure 14E](#f14-ijn-10-4239){ref-type="fig"}), especially in the deep skin layer. From the novel research perspective, this result indicated that etho-somes in cataplasm could penetrate deeply into the skin and change the fine-structure of skin. Scanning electron microscope cross-section microphotographs show that the ultrastructure of skin treated with ethosomal cataplasm became loose ([Figure 15B](#f15-ijn-10-4239){ref-type="fig"}).

In brief, ethosomal cataplasm and ethosomes alone possessed similar mechanisms of penetration enhancement.[@b36-ijn-10-4239],[@b37-ijn-10-4239] Ethosomes in cataplasm could also penetrate deeply into the skin to improve the effectiveness of drug absorption. In addition, ethosomal cataplasm could interfere with the structure of stratum corneum and further enhance the permeability.

Conclusion
==========

In the present study, a novel antimalarial transdermal nanosystem--ethosomal cataplasm was prepared successfully, and this nanosystem remarkably improved the release and skin-penetrating capacities of drug. Our findings demonstrate that ethosomal cataplasm could make a large quantity of antimalarial drug quickly penetrate through skin after transdermal administration. These characteristics could be favorable for drugs to kill *Plasmodium* spp. quickly and prevent the resurgence of *Plasmodium* spp. Antimalarial results showed that drug-loaded ethosomal cataplasm had very good antimalarial efficiency. Ethosomal cataplasm and ethosomes alone possessed a similar mechanism of penetration enhancement. Ethosomes in cataplasm could penetrate deeply into the skin to improve the effectiveness of drug absorption and could interfere with the microstructure, ultrastructure, and birefringent structure of skin to further enhance the permeability of drug. Data obtained in this study suggest that the compound antimalarial ethosomal cataplasm has great potential for clinical applications. Further, the combined agent--ethosomal cataplasm could also be used with other drugs in theory.
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![Chemical structures of (**A**) artesunate and (**B**) febrifugine.](ijn-10-4239Fig1){#f1-ijn-10-4239}

![The effect of quantity of phospholipid (S100) on ethosomes (n=3).\
**Abbreviation:** EE, entrapment efficiency.](ijn-10-4239Fig2){#f2-ijn-10-4239}

![The effect of quantity of Tween 80 on ethosomes (n=3).\
**Abbreviation:** EE, entrapment efficiency.](ijn-10-4239Fig3){#f3-ijn-10-4239}

![The effect of quantity of cholesterol on ethosomes (n=3).\
**Abbreviation:** EE, entrapment efficiency.](ijn-10-4239Fig4){#f4-ijn-10-4239}

![The effect of dosage of artesunate on ethosomes (n=3).\
**Abbreviation:** EE, entrapment efficiency.](ijn-10-4239Fig5){#f5-ijn-10-4239}

![Appearance of ethosomes.\
**Notes:** (**A**) Artesunate-loaded ethosomes. (**B**) Febrifugine-loaded ethosomes.](ijn-10-4239Fig6){#f6-ijn-10-4239}

![Transmission electron microscope images of the artesunate-loaded ethosomes.\
**Notes:** (**A**) The overview of the morphology of artesunate-loaded ethosomes; (**B**) the specific morphology of artesunate-loaded ethosomes; (**C**) the image of nanoparticles contacting each other.](ijn-10-4239Fig7){#f7-ijn-10-4239}

![Transmission electron microscope images of the febrifugine-loaded ethosomes.\
**Notes:** (**A**) The overview of the morphology of febrifugine-loaded ethosomes; (**B**) the specific morphology of febrifugine-loaded ethosomes.](ijn-10-4239Fig8){#f8-ijn-10-4239}

![Stability of (**A**) artesunate-loaded and (**B**) febrifugine-loaded ethosomes stored at 4°C for 90 days.\
**Abbreviation:** PDI, polydispersity index.](ijn-10-4239Fig9){#f9-ijn-10-4239}

![Influence of ethosomes on the release of (**A**) artesunate and (**B**) febrifugine from cataplasm (n=6).](ijn-10-4239Fig10){#f10-ijn-10-4239}

![Influence of ethosomes on the penetration of (**A**) artesunate and (**B**) febrifugine from cataplasm (n=6).](ijn-10-4239Fig11){#f11-ijn-10-4239}

![The optical microscope pictures of thin blood smears.\
**Notes:** Blank ethosomal cataplasm, blank control group and treatment groups (**A**--**J**) are shown. (**A**--**E**) Treated with conventional cataplasm; (**F**--**J**) treated with ethosomal cataplasm; specific administration dosages showed in [Table 1](#t1-ijn-10-4239){ref-type="table"}.](ijn-10-4239Fig12){#f12-ijn-10-4239}

![Ordinary optic microscopic pictures of skins.\
**Notes:** Microphotographs (100×) of vertical section of skin: (**A**) untreated skin; (**B**) skin treated with ethosomal cataplasm; (**C**) skin treated with conventional cataplasm. Microphotographs (400×) of skin: (**D**) untreated skin; (**E**) skin treated with ethosomal cataplasm; (**F**) skin treated with conventional cataplasm.](ijn-10-4239Fig13){#f13-ijn-10-4239}

![Polarized light microscopic pictures of skins.\
**Notes:** Birefringent structures in unstained skins. (**A**) Untreated skin; (**B**) skin treated with ethosomal cataplasm; (**C**) skin treated with conventional cataplasm. Orientation (independent polarization) pseudocolor microphotographs (100×) of unstained skin: (**D**) untreated skin; (**E**) skin treated with ethosomal cataplasm; (**F**) skin treated with conventional cataplasm. The magnifications of (**A**--**F**) are all 100×.](ijn-10-4239Fig14){#f14-ijn-10-4239}

![Scanning electron microscope cross-section microphotographs of skins.\
**Notes:** (**A**) Untreated skin; (**B**) skin treated with ethosomal cataplasm; (**C**) skin treated with conventional cataplasm. The magnifications of (**A**--**C**) are all 200×.](ijn-10-4239Fig15){#f15-ijn-10-4239}

###### 

Result of antimalarial experiments (n=10)

  Group                            Number of animals used   Dose (mg/kg)   NCR (%)   RR (%)   
  --------------------------- ---- ------------------------ -------------- --------- -------- ----
  Blank control group              10                       0              0         0        --
  Blank ethosomal cataplasm        10                       0              0         0        --
  Conventional cataplasm      A    10                       237.5          1.58      100      0
  B                           10   178                      1.19           100       0        
  C                           10   133.5                    0.89           100       0        
  D                           10   100                      0.67           100       20       
  E                           10   75                       0.5            100       0        
  Ethosomal cataplasm         F    10                       237.5          1.58      100      0
  G                           10   178                      1.19           100       0        
  H                           10   133.5                    0.89           100       0        
  I                           10   100                      0.67           100       0        
  J                           10   75                       0.5            100       0        

**Abbreviations:** NCR, negative conversion rate; RR, recurrence rate.

###### 

Effects of phospholipid on particle size of ethosomes (mean ± standard deviation, n=3)

  Phospholipid   Phosphatidyl choline content (%)   Particle size (nm)   Polydispersity index   Appearance                  5 days later
  -------------- ---------------------------------- -------------------- ---------------------- --------------------------- -------------------------------
  S100           96.5                               37.62±0.46           0.1626±0.0033          Faint yellow, translucent   Faint yellow, translucent
  E80            81.7                               57.02±0.71           0.1883±0.0105          Faint yellow, translucent   Needle crystals separated out
  SPC50          50.3                               34.61±0.16           0.2184±0.0056          Yellow, translucent         Needle crystals separated out

###### 

Effects of surfactants on particle size of ethosomes (mean ± standard deviation, n=3)

  Surfactant   Particle size (nm)   Polydispersity index   Appearance                  5 days later
  ------------ -------------------- ---------------------- --------------------------- -------------------------------
  RH40         50.51±0.35           0.1817±0.0039          Faint yellow, translucent   Needle crystals separated out
  Tween 80     37.41±0.10           0.1563±0.0044          Faint yellow, translucent   Faint yellow, translucent
  Tween 60     37.26±0.06           0.1806±0.0049          Faint yellow, translucent   Needle crystals separated out
  Tween 20     44.54±0.41           0.1356±0.0067          Faint yellow, translucent   Needle crystals separated out
  Span 80      --                   --                     Milk-white                  Layered
  Span 60      --                   --                     Milk-white, layered         Layered
  Span 40      --                   --                     Milk-white, layered         Layered

###### 

Factors and levels of the L9(3[@b4-ijn-10-4239]) orthogonal design (n=3)

  Level   Factors (%, w/w)          
  ------- ------------------ ------ -----
  1       7.5                0.34   2.7
  2       10.8               0.8    3.6
  3       13.6               1.1    5.2

###### 

Comprehensive indicators of entrapment efficiency and particle size

  Number   EE (%)   Weighted EE   Particle size (nm)   Weighted particle size   Comprehensive indicator
  -------- -------- ------------- -------------------- ------------------------ -------------------------
  1        50.45    34.38         34.19                38.04                    72.42
  2        45.73    31.16         32.43                40.10                    71.27
  3        53.24    36.28         27.83                46.73                    83.01
  4        71.85    48.96         31.14                41.76                    90.73
  5        64.28    43.81         27.94                46.55                    90.35
  6        73.37    50.00         47.24                27.53                    77.53
  7        73.13    49.84         26.01                50.00                    99.84
  8        74.15    50.53         39.42                32.99                    83.52
  9        72.05    49.10         36.87                35.27                    84.37

**Abbreviation:** EE, entrapment efficiency.

###### 

Transdermal permeation parameters of different antimalarial formulations (n=6)

  Drug               Fitted curve          Permeation rate     *r*
  ------------------ --------------------- ------------------- --------
  Febrifugine (CC)   Q =0.0281 t +0.1546   0.0281 μg/cm^2^/h   0.9903
  Febrifugine (EC)   Q =0.0282 t +0.2223   0.0282 μg/cm^2^/h   0.9948
  Artesunate (CC)    Q =0.0184 t +0.0421   0.0184 mg/cm^2^/h   0.9801
  Artesunate (EC)    Q =0.0249 t +0.0793   0.0249 mg/cm^2^/h   0.9666

**Abbreviations:** CC, conventional cataplasm; EC, ethosomal cataplasm; Q, cumulative transdermal penetration quantity of drug; t, time.

###### 

Release model parameters of different antimalarial formulations (n=6)

  Drug               Fitted curve               Release rate             *r*
  ------------------ -------------------------- ------------------------ --------
  Febrifugine (CC)   Q =0.8846 t^1/2^ −0.5774   0.8846 μg/cm^2^/h^1/2^   0.9980
  Febrifugine (EC)   Q =1.6563 t^1/2^ −1.0515   1.6563 μg/cm^2^/h^1/2^   0.9987
  Artesunate (CC)    Q =0.2136 t^1/2^ −0.1023   0.2136 mg/cm^2^/h^1/2^   0.9994
  Artesunate (EC)    Q =0.2277 t^1/2^ −0.0597   0.2277 mg/cm^2^/h^1/2^   0.9987

**Abbreviations:** CC, conventional cataplasm; EC, ethosomal cataplasm; Q, cumulative released quantity of drug; t, time.
